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Abstract. The development of chondrogenic cell lines has led 
to major advances in the understanding of how chondrocyte 
differentiation is regulated, and has uncovered many signal-
ling pathways and gene regulatory mechanisms required to 
maintain normal function. ATDC5 cells are a well established 
in vitro model of endochondral ossification; however, current 
methods are limited for mineralisation studies. In this study 
we demonstrate that culturing cells in the presence of ascorbic 
acid and 10 mM β-glycerophosphate (βGP) significantly 
increases the rate of extracellular matrix (ECM) synthesis 
and reduces the time required for mineral deposition to occur 
to 15 days of culture. Furthermore, the specific expression 
patterns of Col2a1 and Col10a1 are indicative of ATDC5 
chondrogenic differentiation. Fourier transform-infrared 
spectroscopy analysis and transmission electron microscopy 
(TEM) showed that the mineral formed by ATDC5 cultures 
is similar to physiological hydroxyapatite. Additionally, we 
demonstrated that in cultures with βGP, the presence of 
alkaline phosphatase (ALP) is required for this mineralisation 
to occur, further indicating that chondrogenic differentiation 
is required for ECM mineralisation. Together, these results 
demonstrate that when cultured in the presence of ascorbic 
acid and 10 mM βGP, ATDC5 cells undergo chondrogenic 
differentiation and produce a physiological mineralised ECM 
from Day 15 of culture onwards. The rapid and novel method 
for ATDC5 culture described in this study is a major improve-
ment compared with currently published methods and this 
will prove vital in the pursuit of underpinning the molecular 
mechanisms responsible for poor linear bone growth observed 
in a number of chronic diseases such as cystic fibrosis, chronic 
kidney disease, rheumatological conditions and inflammatory 
bowel disease.
Introduction
The growth plate and its primary cell type, the chondrocyte, 
are integral to endochondral ossification and thus the linear 
growth of the long bones (1). The continuing development 
of in vitro chondrocyte cell lines has furthered our under-
standing of the underlying mechanisms of endochondral 
ossification.
The ATDC5 cell line, which was first isolated from 
the differentiating teratocarcinoma stem cell line AT805, 
is commonly used as a model for in vitro chondrocyte 
research (2). To date, the ATDC5 cell line has been utilised 
in approximately 300 studies. Previous studies have detailed 
a well-characterised method of ATDC5 differentiation 
and mineralisation, initially by Shukunami et al (3). This 
method has provided a reliable model of in vitro chondrocyte 
mineralisation for a number of years and has been widely 
used in the field since its publication; however it does contain 
some drawbacks. For example, mineralisation studies require 
a culture time of at least 34 days and a change of culture 
conditions. Both the cell culture medium and the CO2 concen-
tration have to be altered after 21 days of culture to facilitate 
extracellular matrix (ECM) mineralisation 13 days later. 
Since its publication, a number of groups have attempted to 
simplify the culture method. For example, the addition of 
inorganic phosphate to ATDC5 cultures has been shown to 
increase differentiation and the rate of ECM mineralisation 
(4,5). Another study has detailed that the addition of ascorbic 
acid shortened the proliferation phase of the ATDC5 cells 
from 21 to 7 days (6); while the temporal expression of 
markers of chondrogenic differentiation was examined, the 
ECM mineralisation capability of the ATDC5 cells under 
these culture conditions was not.
Therefore, our aim was to develop a culture model for 
ATDC5 cells which produced both consistent chondrogenesis 
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and physiological ECM mineralisation in a reduced time period 
for in vitro experimentation. In this study, β-glycerophosphate 
(βGP) was added throughout the culture period. βGP is cleaved 
by alkaline phosphatase (ALP) and other phosphohydro-
lases produced by the chondrocytes once they have reached 
hypertrophy to release inorganic phosphate, thus mimicking 
the phosphate availability in vivo (3,7,8). It was hypothesised 
that this strategy would facilitate an incremental increase in 
mineral deposition once an appropriate ECM had been depos-
ited. This would thereby increase the rate of mineralisation 
compared with previous methods while retaining the expected 
stages of chondrogenic differentiation as well as crucially, the 
formation of physiological mineral.
Materials and methods
Cell culture. Chondrogenic ATDC5 cells (Riken Cell Bank, 
Ibaraki, Japan) (3) were cultured in a differentiation medium 
[DMEM/F-12 (1:1) with GlutaMAX I containing 5% FBS, 
1% insulin transferrin and selenium, 1% sodium pyruvate 
and 0.5% gentamicin (Invitrogen, Paisley, UK)] at a density 
of 6,000 cells/cm2 in multi-well plates (Iwaki Cell Biology; 
Sterilin, Feltham, UK) (9,10). Cells were left for 6 days to reach 
confluency at which point the medium was supplemented with 
10 mM βGP and 50 µg/ml L-ascorbate-2-phosphate (ascorbic 
acid). Cells were incubated in a humidified atmosphere (37˚C, 
5% CO2) for up to 41 days and the medium was changed every 
second or third day. For levamisole experiments, ATDC5 cells 
were cultured in varying concentrations of levamisole (Sigma, 
Gillingham, UK) (0-1,000 µM) for up to 15 days.
Histochemical staining. Calcium deposition in ATDC5 cells 
was evaluated by Alizarin red staining as described previ-
ously (11). Briefly, cells were fixed in 4% paraformaldehyde 
and then 2% Alizarin red (Sigma, pH 4.2) was added to 
the cell layers for 5 min at room temperature. Cells were 
washed with distilled water (dH20) and images were captured. 
Alizarin red-stained cultures were extracted with 10% cetyl-
pyridinium chloride for 10 min and the optical density (OD) 
of the digests was measured at 570 nm by spectrophotometry 
(Multiskan Ascent; Thermo Electron Corporation, Vantaa, 
Finland). Proteoglycan synthesis was evaluated by staining 
the cell layers with Alcian blue (Sigma). Cells were fixed in 
95% methanol for 20 min and stained with 1% Alcian blue 
8GX in 0.1 M HCl overnight. Cells were washed in dH20 
and images were captured. Alcian blue-stained cultures 
were extracted with 6 M guanidine-HCl for 6 h at room 
temperature and the OD was determined at 630 nm by 
spectrophotometry (11).
Real-time quantitative PCR (qRT-PCR). RNA was extracted 
using the RNeasy Mini kit (Qiagen Ltd., Crawley, West Sussex, 
UK), according to the manufacturer's instructions. For each 
sample, total RNA content was assessed by absorbance at 
260 nm and purity by A260/A280 ratios, and then reverse-
transcribed. cDNA was diluted to 10 ng/µl in nuclease-free 
water (Sigma), and stored at -20˚C. qRT-PCR reactions were 
conducted with a MX3000P qPCR machine (Stratagene, 
Stockport, UK) using a SYBR-Green detection method. 
Primers were designed in-house and synthesised by MWG 
Eurofins, London, UK. Reactions were run in triplicate and 
routinely normalised against GAPDH. Primer sequences: 
Col2a1, forward, 5'-CGGTCCTACGGTGTCAGG-3' and 
reverse, 5'-GCAGAGGACATTCCCAGTGT-3'; Col10a1, 
forward,  5'-CATAAAGGGCCCACTTGCTA-3'  and 
reverse,5'-CAGGAATGCCTTGTTCTCCT-3'; GAPDH 
forward, 5'-TGAGGCCGGTGCTGAGTATGTCG-3' and 
reverse, 5'-CCACAGTCTTCTGGGTGGCAGTG-3'. qRT-PCR 
products were sequenced by the GenePool, University of 
Edinburgh.
Transmission electron microscopy (TEM). ATDC5 cells were 
cultured at 6,000 cells/cm2 on nitrocellulose discs (Nunc, 
Roskilde, Denmark) in mineralising conditions for 15 days. 
Cells were fixed in 2.5% glutaraldehyde in 0.1 M sodium 
cacodylate buffer at 37˚C for 1 h. During processing, the 
cell monolayers were washed in 0.1 M sodium cacodylate, 
post-fixed in 1% osmium tetroxide and dehydrated through 
graded alcohols (35, 70, 95 and 100%). The monolayers were 
then processed to Epon in a vacuum oven at 60˚C. Monolayers 
were viewed using a Phillips CMIRO TEM (FEI Vic Ltd., 
Cambridge, UK) and images were captured on Gatan Orius 
ICD camera (Gatan, Oxford, UK).
Fourier transform-infrared spectroscopy (FTIR). ATDC5 
cells were cultured for 41 days in mineralising conditions 
as previously described. Cell monolayers were fixed in 
95% methanol and embedded in LR White. Spectral images of 
2 µm-thick culture sections were collected using a Spectrum 
Spotlight 100 system (Perkin-Elmer, Waltham, MA, USA) 
with a spectral resolution of 4 µm and 6.25 µm pixel size in 
transmission mode. The collected spectra were truncated, 
base-lined and the contribution of LR White was spectrally 
subtracted using ISYS software (Spectral Dimensions, Olney, 
MD, USA) and then analysed using ISys Chemical Imaging 
software. Spectra extracted from these images were analysed 
using Grams/32 software (Thermo Electron Corporation, 
Waltham, MA, USA). The parameters measured included 
mineral/matrix ratio, carbonate/phosphate ratio, crystallinity 
and collagen maturity (12).
Statistics. Data were analysed by one-way analysis of vari-
ance (ANOVA), with Tukey simultaneous tests used to 
identify differences between individual time-points, using 
SigmaPlot 11.0 software (Systat Software UK Ltd., London, 
UK). Cell culture experiments were repeated at least twice 
and P<0.05 was considered statistically significant.
Results
ATDC5 cells undergo the expected stages of chondrocyte 
differentiation. Images collected by light microscopy over 
a 34-day time-course indicated comparable differentiation 
to previously characterised ATDC5 cultures (3,4). ATDC5 
cell cultures reached confluency 6 days after seeding with no 
extensive ECM formation (Fig. 1A). At this point, ATDC5 
cells were then cultured in the presence of 10 mM βGP and 
50 µg/ml ascorbic acid. This facilitates cell differentiation 
and the secretion of an extensive ECM which assembles 
around the cells as visualised at Day 13 of culture by the 
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Figure 1. Chondrogenic differentiation of ATDC5 cells. ATDC5 cells were grown over a period of 34 days and light microscopy images were collected 
during this time period. (A) Image captured at confluence, Day 6 of culture. (B) Arrows indicate translucent ECM which begins to form in discrete locations 
at Day 13 of culture. (C) The arrows denote opaque regions which represent the onset of mineralisation within the ECM at Day 14. (D) The nodules of ECM 
conjoin over the ECM and mineralisation increases. 
Figure 2. Chondrocyte marker analysis during ATDC5 cell differentiation. (A) The monolayer was fixed following 34 days of culture and stained for GAG 
using Alcian blue. (B) Quantification of Alcian blue staining was conducted over 10 time-points. (C) qRT-PCR analysis of Col2a1 and (D) qRT-PCR analysis 
of Col10a1 transcription, normalised to GAPDH, over 10 time-points in the ATDC5 monolayers. Mean (n=3) ± SEM, with the exception of Col10a1 at Day 10 
where n=2; aP<0.05; bP<0.01; cP<0.001, where all significant differences between consecutive time-points are shown. 
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Figure 3. ATDC5 cell ECM mineralisation. (A) Mineralisation was examined by Alizarin red staining of monolayers fixed at Day 34 of culture. 
(B) Quantification of Alizarin red staining was conducted over 10 time-points. Mean (n=3) ± SEM; aP<0.05; bP<0.01; cP<0.001, where all significant differ-
ences between consecutive time-points are shown. (C) Levamisole, an inhibitor of ALP enzyme activity, was added to ATDC5 cell cultures from when they 
reached confluency. Levamisole dose-dependently inhibited ATDC5 ECM mineralisation as indicated by quantification of Alizarin red staining. (D) Alizarin 
red stained images of the control cells and cells treated with 300 µM levamisole at Day 15 of culture. Data are represented as the means ± SEM (n=3 repli-
cates) in comparison to 0 µM levamisole cP<0.001. 
Figure 4. Analysis of ATDC5 mineral deposition. TEM images of ATDC5 cultures at Day 16 of culture. (A) Collagen fibers are present in the ECM; arrows 
denote collagen fibers. (B) Mineral deposition is noted along collagen fibers; arrows indicate an electron-dense material, likely to be mineralisation spreading 
along the collagen fibers within the ECM. (C) Mineral deposition within the ECM; arrows indicate electron-dense mineralised regions of the ECM. (D) FTIR 
analysis of (a) ATDC5 monolayer at 41 days of culture; (b) mineralised embryonic mouse bone at E14; (c) cortical bone from the tibia of a 4-month-old mouse. 
Absorbances of the phosphate peaks (900-1200 cm-1), which represents mineralisation and the amide-I peak (1585-1725 cm-1), which indicates protein, were 
used to estimate the mineral-to-matrix ratio of the mineralised ECM. Absorbance values for each plot are arbitrary and not to scale. 
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phase contrast images (Fig. 1B) and by Alcian blue staining 
(data not shown). As differentiation continues, these nodules 
increased in area and began to conjoin (Fig. 1C). A large 
proportion of each ATDC5 monolayer was Alcian blue-
positive by Day 34 of culture, indicating that ATDC5 cells 
produced a glycosaminoglycan (GAG)-rich ECM and under-
went chondrogenesis (Fig. 2A). The temporal increase in 
GAG-deposition over a 34-day time-course was established 
by quantifying Alcian blue staining (Fig. 2B). GAG-deposition 
progressively increased from Day 6, such that there were 
significant increases in Alcian blue staining between various 
time-points within the culture period.
To examine the process of chondrogenesis and hypertro-
phic differentiation of the ATDC5 cells during monolayer 
culture, Col2a1 and Col10a1 gene transcription at specific 
time-points was analysed by qRT-PCR. Col2a1 transcrip-
tion increased significantly between each time-point from 
Day 6 to 13; transcription then decreased but even at Day 34, 
transcription was greater compared to Day 6 (by >58-fold, 
P<0.001) (Fig. 2C). Col10a1 transcription also increased 
significantly over the first 4 time-points up to Day 13 over a 
10,000-fold range, which by Day 34 progressed to a greater 
than 50,000-fold increase in transcription compared to that of 
Day 6 (Fig. 2D).
ATDC5 cells mineralise their surrounding ECM, producing 
physiological mineral. Phase contrast images indicated 
mineralisation of the ATDC5 ECM from Day 14 onwards and 
this was confirmed by Alizarin red staining over a 34-day 
time-course (Fig. 1C and D, Fig. 3A and B). Quantification of 
this staining indicated that after an initial delay, presumably 
while early differentiation stages were occurring, calcium 
accumulation increased rapidly from Day 17 to 34 (Fig. 3B) 
(P<0.001).
Levamisole, a well established inhibitor of ALP, inhib-
ited ATDC5 ECM mineralisation at Day 15 of culture at 
concentrations in excess of 300 µM (P<0.001) (Fig. 3C) with 
no apparent alterations in the morphology of the ATDC5 
cells (Fig. 3D) (13). This indicated that the enzyme ALP is 
required, and therefore that chondrogenic differentiation of 
the ATDC5 cells is necessary for effective mineralisation.
FTIR and TEM were adopted as two well recognised 
methods to determine whether the properties of the mineral 
formed in culture is similar to that which is formed by 
mineralised cartilage in vivo (14). ATDC5 cells were shown 
to produce a collagenous ECM by TEM in which banded 
fibers, synonymous with collagen fibers, were present in 
the ECM (Fig. 4A) (15). Along some of the collagen fibers, 
electron-dense regions were present, indicative of the onset of 
mineralisation (Fig. 4B). In some discrete regions of the ECM, 
electron-dense spheres of ~200-500 nm were present which 
were also associated with the collagenous fibers (Fig. 4C); 
these are possibly mineralised matrix vesicles (MVs) (1,8,9). 
These results suggest that ATDC5 cells produce a collagenous 
ECM and that the mineral formed is in alignment with the 
collagen fibrils, as is observed in endochondral ossification. 
ATDC5 cells were cultured for 41 days for FTIR analysis 
(Fig. 4D-a). The FTIR spectra were compared with those 
of E14 embryonic mouse bone (Fig. 4D-b) and 4-month-old 
cortical mouse bone (Fig. 4D-c), and were used to generate 
numerical parameters which may be compared with in vivo 
samples (Table I). The resulting data strongly suggest that the 
mineralisation of the ATDC5 monolayers resembles that of 
embryonic mouse bone.
Discussion
Attempts to unravel the underlying mechanisms of endochon-
dral ossification have been limited by current models. The 
data presented in this manuscript characterise a novel, rapid 
culture method for studying physiological chondrocyte ECM 
mineralisation using ATDC5 cells that we observed to be 
highly reproducible. A mineralisation method for ATDC5 cell 
culture was first described by Shukunami et al (3), however 
its drawbacks have been identified by several other groups 
and thus the method has been gradually developed with time. 
In this study, we cultured ATDC5 cells in the presence of 
ascorbic acid and 10 mM βGP.
ATDC5 cells have previously been cultured with ascorbic 
acid, which facilitates collagen synthesis. This reduces the 
proliferation phase of the cells and promotes their differen-
tiation (6,16). Ascorbic acid has also been shown to promote 
the hypertrophic differentiation of cultured primary chick 
chondrocytes (17). In the present study, cells were cultured 
in the presence of 50 µg/ml ascorbic acid from when they 
reached confluency and in concurrence with previous studies, 
this promoted ECM formation. The increased mRNA expres-
sion of the chondrogenic marker Col2a1 correlated with the 
onset of Alcian blue-stained cartilaginous nodules and the 
increased mRNA expression of Col10a1 with the differen-
tiation of the cells to a hypertrophic phenotype. The delayed 
onset of Col10a1 transcription at Day 10 is consistent with the 
2 stages of differentiation that must occur from Day 6 for the 
cells to become hypertrophic. The observation that Col10a1 
Table I. Mineralisation parameters from FTIR samples.
Sample Mineral-to-matrix ratio Carbonate-to-mineral ratio Crystallinity
A 3.000±0.917 0.008±0.005 1.128±0.009
B 2.200±2.500 0.005±0.002 1.072±0.062
C 6.500±0.900 0.006±0.001 1.130±0.030
Using peak areas from FTIR spectra, the mineral-to-matrix ratio (900-1,200 cm-1/1,585-1,725 cm-1), carbonate-to-mineral ratio (850-
950 cm-1/900-1,200 cm-1) and crystallinity (1,030 cm-1/1,020 cm-1) were calculated for mineralised regions of (A) ATDC5 monolayer grown to 
41 days of culture, (B) mineralised E14 mouse bone and (C) ortical bone from the tibia of a 4-month-old mouse.
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expression preceded the first observations of mineral forma-
tion provides further evidence that the model is able to mimic 
the in vivo endochondral ossification. During differentiation 
the histology of the cultures was similar to that described by 
Shukunami et al (3).
In addition to ascorbic acid, an exogenous phosphate 
source is routinely added to cell cultures to induce and 
stimulate mineralisation of the ECM. βGP is a preferential 
exogenous organic phosphate source as it is a substrate for 
ALP and therefore the cells directly dictate when it is cleaved 
to release inorganic phosphate with their differentiation to a 
hypertrophic phenotype. In this study we cultured ATDC5 
cells in the presence of 10 mM βGP and observed mineral 
formation from Day 15 of culture upon collagen fibrils and 
within MVs. However, in a number of osteoblast and chon-
drocyte cultures, the growth of cells in the presence of βGP 
has been shown to lead to the formation of sporadic mineral 
formation on the cell surface and in the culture medium and 
not upon collagen fibrils which is regarded to be dystrophic 
mineralisation and not physiological hydroxyapatite (18,19).
In the present study we showed that the presence of ALP 
is necessary for βGP-induced ATDC5 mineralisation. This is 
consistent with previous studies in which the activity of ALP 
has been investigated in ATDC5 cells (3). Furthermore, the 
addition of levamisole, a potent inhibitor of ALP, to ATDC5 
cultures inhibited their ECM mineralisation. Mineralisation 
was also inhibited in cells cultured in the presence of βGP 
and in the absence of insulin, which is required for their 
differentiation (data not shown) (20). This result, therefore, 
suggests that mineral formation is dependent upon both 
chondrogenic differentiation and the subsequent presence 
of ALP. Additionally, the inhibition of ECM mineralisation 
when ATDC5 cells were cultured without insulin further 
emphasises that the mineral formed is not dystrophic and is 
dependent on their differentiation status.
Although routinely used as indicators of mineralisa-
tion, Alizarin red and von Kossa staining are not sufficient 
to conclude that mineralisation is physiological since the 
presence of calcium and/or phosphate does not indicate HA 
formation per se (21). For this reason, we adopted FTIR and 
TEM to examine whether or not the mineral formed in culture 
is physiological (14).
Shukunami et al (3) have previously used TEM for 
ATDC5 analysis and reported the presence of extremely 
dark calcium-containing spherites which they identified as 
mineralised MVs in discrete regions between the cells, associ-
ated with collagenous fibers. In the present study, structures 
were noted in our TEM analysis which were indistinguishable 
in shape and size from those reported by Shukunami et al 
(3). The MVs derived from ATDC5 cells are of a similar size 
and appearance to MVs derived from in vivo tissues including 
chicken growth plate chondrocytes and rat epiphyseal hyper-
trophic chondrocytes (22). These results indicate that the 
ultrastructure of the collagenous fibrils appears as expected 
and that mineralisation of ATDC5 cultures appears to form in 
a physiological manner.
Furthermore, in this study we showed that the spectra of 
the ATDC5 monolayer more closely resembled that of the 
developing embryonic bone compared to the fully developed 
cortical bone. The mineral-to-matrix ratio of the ATDC5 
cultures, a key determinant of mineral composition is similar 
to the values for mineralised embryonic bone, E14, which is 
the earliest point at which mineralisation occurs in the mouse 
(23). The mineral-matrix ratios in other publications provide 
additional comparisons: in 10-day-old and 10-week-old 
wild-type mouse calcified growth plate cartilage the ratios 
have been calculated as 2.7 and 5.48, respectively (24,25). 
There is a considerable variation in these parameters, but 
the mineral-matrix ratio within the ATDC5 monolayer is 
within the expected region. The ATDC5 monolayer model 
characterised by Shukunami et al (3) was analysed by FTIR 
and spectra were compared with those of cultured primary 
rabbit chondrocytes, resulting in spectra which were almost 
super-imposable. These spectra show that the absorbance is 
greater in the amide-range compared to the phosphate-range, 
thus although the mineral-to matrix ratio is not provided, 
it is certainly less than those reported in the present study. 
Therefore, ECM mineralisation is greater in this ATDC5 
model compared to the method generated by Shukunami et al 
(3). If mineralisation in the cultures is ectopic and mineral is 
accumulated simply due to ALP cleavage of βGP, the ratio 
of mineral-to-matrix would be expected to be extremely 
high, which is not the case. A study by Huitema et al (26), 
demonstrated this; inorganic phosphate was added to medium 
conditioned by ATDC5 cells which generated flat, miner-
alised structures, with extremely small amide-I peaks, relative 
to phosphate peaks.
The minera l ised product of the ATDC5 mono-
layer produced a phosphate peak with a clear shoulder 
at approximately 1,130 cm-1. This is characteristic of the 
hydroxyapatite containing acid phosphate which is gradually 
lost as the crystal matures; thus both the ATDC5 monolayer 
and the embryonic bone contain this peak, which is absent 
in the mature hydroxyapatite sample (27,28). The values 
obtained from the carbonate substitution and crystallinity 
are within the range of biologically relevant in vivo samples, 
which also indicates that this ATDC5 model generates physi-
ologically relevant mineral (24,29).
The development and characterisation of a rapidly miner-
alising chondrocyte model has the potential to assist us in 
better understanding the underpinning molecular mechanisms 
responsible for poor linear bone growth which is observed in 
a number of chronic diseases such as cystic fibrosis, chronic 
kidney disease, rheumatological conditions and inflammatory 
bowel disease. Chondrocyte models, including the ATDC5 
cell line, have proved invaluable for determining the effects of 
pro-inflammatory cytokines and glucocorticoids on chondro-
cyte proliferation, differentiation and gene expression (9,10). 
However, the absence of a practical and accessible in vitro 
chondrocyte mineralisation model has hindered a fuller 
appreciation of how cartilage mineralisation and endochon-
dral ossification are disrupted by factors e.g. cytokines and 
drugs, that are responsible for impaired linear bone growth in 
children.
In conclusion, in this study we developed and character-
ised an improved and rapid method of ATDC5 differentiation 
which develops a physiologic mineralised ECM 15 days after 
seeding. To our knowledge, this is the earliest report of 
mineralisation in which physiological attributes of the mineral 
have been characterised.
INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE  30:  1187-1193,  2012 1193
Acknowledgements
The authors thank Steve Mitchell, University of Edinburgh, 
for assisting with the TEM technique. This project was funded 
by the Biotechnology and Biological Sciences Research 
Council (BBSRC), a scholarship award from the UK (P.N. and 
K.S.), the Institute Strategic Programme Grant Funding (C.F. 
and V.M.) and the Institute Career Path Fellowship Funding 
(V.M.). A.B. and L.S. received funding from NIH grant 
AR046121.
References
  1. Kronenberg HM: Developmental regulation of the growth plate. 
Nature 423: 332-336, 2003.
  2. Atsumi T, Miwa Y, Kimata K and Ikawa Y: A chondrogenic cell 
line derived from a differentiating culture of AT805 teratocarci-
noma cells. Cell Differ Dev 30: 109-116, 1990.
  3. Shukunami C, Ishizeki K, Atsumi T, Ohta Y, Suzuki F and 
Hiraki Y: Cellular hypertrophy and calcification of embryonal 
carcinoma-derived chondrogenic cell line ATDC5 in vitro. J 
Bone Miner Res 12: 1174-1188, 1997.
  4. Magne D, Bluteau G, Faucheux C, Palmer G, Vignes-
Colombeix C, Pilet P, Rouillon T, Caverzasio J, Weiss P, Daculsi G 
and Guicheux J: Phosphate is a specific signal for ATDC5 
chondrocyte maturation and apoptosis-associated mineralization: 
possible implication of apoptosis in the regulation of endochon-
dral ossification. J Bone Miner Res 18: 1430-1442, 2003.
  5. Fujita T, Meguro T, Izumo N, Yasutomi C, Fukuyama R, 
Nakamuta H and Koida M: Phosphate stimulates differentiation 
and mineralization of the chondroprogenitor clone ATDC5. Jpn 
J Pharmacol 85: 278-281, 2001.
  6. Altaf FM, Hering TM, Kazmi NH, Yoo JU and Johnstone B: 
Ascorbate-enhanced chondrogenesis of ATDC5 cells. Eur Cell 
Mater 12: 64-70, 2006.
  7. Coe MR, Summers TA, Parsons SJ, Boskey AL and Balian G: 
Matrix mineralization in hypertrophic chondrocyte cultures. 
Beta glycerophosphate increases type X collagen messenger 
RNA and the specific activity of pp60c-src kinase. Bone Miner 
18: 91-106, 1992.
  8. Matsuzawa T and Anderson HC: Phosphatases of epiphy-
seal cartilage studied by electron microscopic cytochemical 
methods. J Histochem Cytochem 19: 801-808, 1971.
  9. MacRae VE, Farquharson C and Ahmed SF: The restricted 
potential for recovery of growth plate chondrogenesis and longi-
tudinal bone growth following exposure to pro-inflammatory 
cytokines. J Endocrinol 189: 319-328, 2006.
10. Owen HC, Miner JN, Ahmed SF and Farquharson C: The 
growth plate sparing effects of the selective glucocorticoid 
receptor modulator, AL-438. Mol Cell Endocrinol 264: 164-170, 
2007.
11. MacRae VE, Davey MG, McTeir L, Narisawa S, Yadav MC, 
Millan JL and Farquharson C: Inhibition of PHOSPHO1 activity 
results in impaired skeletal mineralization during limb develop-
ment of the chick. Bone 46: 1146-1155, 2010.
12. Gourion-Arsiquaud S, West PA and Boskey AL: Fourier trans-
form-infrared microspectroscopy and microscopic imaging. 
Methods Mol Biol 455: 293-303, 2008.
13. Van BH: Alkaline phosphatase. I. Kinetics and inhibition by 
levamisole of purified isoenzymes from humans. Clin Chem 22: 
972-976, 1976.
14. Boskey AL and Roy R: Cell culture systems for studies of bone 
and tooth mineralization. Chem Rev 108: 4716-4733, 2008.
15. Hughes LC, Archer CW and ap Gwynn I The ultrastructure of 
mouse articular cartilage: collagen orientation and implications 
for tissue functionality. A polarised light and scanning electron 
microscope study and review. Eur Cell Mater 9: 68-84, 2005.
16. Temu TM, Wu KY, Gruppuso PA and Phornphutkul C: The 
mechanism of ascorbic acid-induced differentiation of ATDC5 
chondrogenic cells. Am J Physiol Endocrinol Metab 299: 
E325-E334, 2010.
17. Leboy PS, Vaias L, Uschmann B, Golub E, Adams SL and 
Pacifici M: Ascorbic acid induces alkaline phosphatase, type X 
collagen, and calcium deposition in cultured chick chondrocytes. 
J Biol Chem 264: 17281-17286, 1989.
18. Rohde M and Mayer H: Exocytotic process as a novel model for 
mineralization by osteoblasts in vitro and in vivo determined 
by electron microscopic analysis. Calcif Tissue Int 80: 323-336, 
2007.
19. Gronowicz G, Woodiel FN, McCarthy MB and Raisz LG: 
In vitro mineralization of fetal rat parietal bones in defined 
serum-free medium: effect of beta-glycerol phosphate. J Bone 
Miner Res 4: 313-324, 1989.
20. Borgers M: The cytochemical application of new potent 
inhibitors of alkaline phosphatases. J Histochem Cytochem 21: 
812-824, 1973.
21. Bonewald LF, Harris SE, Rosser J, Dallas MR, Dallas SL, 
Camacho NP, Boyan B and Boskey A: von Kossa staining alone 
is not sufficient to confirm that mineralization in vitro represents 
bone formation. Calcif Tissue Int 72: 537-547, 2003.
22. Wu LN, Genge BR, Dunkelberger DG, LeGeros RZ, Concannon B 
and Wuthier RE: Physicochemical characterization of the nucle-
ational core of matrix vesicles. J Biol Chem 272: 4404-4411, 1997.
23. Caplan AI: Bone development. Ciba Found Symp 136: 3-21, 
1988.
24. Boskey AL, Doty SB, Stiner D and Binderman I: Viable cells 
are a requirement for in vitro cartilage calcification. Calcif 
Tissue Int 58: 177-185, 1996.
25. Anderson HC, Sipe JB, Hessle L, Dhanyamraju R, Atti E, 
Camacho NP and Millan JL: Impaired calcification around 
matrix vesicles of growth plate and bone in alkaline phospha-
tase-deficient mice. Am J Pathol 164: 841-847, 2004.
26. Huitema LF, van Weeren PR, van Balkom BW, Visser T, van de 
Lest CH, Barneveld A, Helms JB and Vaandrager AB: Soluble 
factors released by ATDC5 cells affect the formation of calcium 
phosphate crystals. Biochim Biophys Acta 1774: 1108-1117, 
2007.
27. Sauer GR and Wuthier RE: Fourier transform infrared char-
acterization of mineral phases formed during induction of 
mineralization by collagenase-released matrix vesicles in vitro. J 
Biol Chem 263: 13718-13724, 1988.
28. LeGeros RZ: Preparation of octacalcium phosphate (OCP): a 
direct fast method. Calcif Tissue Int 37: 194-197, 1985.
29. Paschalis EP, Jacenko O, Olsen B, deCrombrugghe B and 
Boskey AL: The role of type X collagen in endochondral ossi-
fication as deduced by Fourier transform infrared microscopy 
analysis. Connect Tissue Res 35: 371-377, 1996.
